While flowing downhill, a snow avalanche radiates seismic waves in the ground and infrasonic waves in the atmosphere. Seismic energy is radiated by the dense basal layer flowing above the ground, while infrasound energy is likely radiated by the powder front. However, the mutual energy partitioning is not fully understood. We present infrasonic and seismic array data of a powder snow avalanche, that released on 5 February 2016, in the Dischma valley above Davos, Switzerland. A five element infrasound array and a seven element seismic array were deployed at short distance (< 500 m) from each other, and 5 close (< 1500 m) to the avalanche path. The avalanche dynamics was modeled by using RAMMS, and characterized in terms of front velocity and flow height. The use of arrays rather than single sensors, allowed us to increase the signal-to-noise ratio, and to identify the event in terms of back-azimuth and apparent velocity of the recorded wave-fields. Wave parameters, derived from array processing, were used to identify the avalanche path and highlight the areas, along the path, where seismic and infrasound energy radiation occurred. The analysis showed that seismic energy is radiated all along the avalanche path, from 10 the initiation to the deposition area, while infrasound is radiated only from a limited sector, where the flow is accelerated and the powder cloud develops. Recorded seismic signal is characterized by scattered back-azimuth, suggesting that seismic energy is likely radiated by multiple sources acting at once. On the contrary, infrasound signal is characterized by a clear variation of back-azimuth and apparent velocity. This indicates that infrasound energy radiation is dominated by a moving point source, likely consistent with the powder cloud. Thanks to such clear wave parameters, infrasound revealed particularly efficient for 15 avalanche detection and path identification. While the infrasound apparent velocity decreases as the flow moves downhill, the seismic apparent velocity is quite scattered, but it lowers down to sound velocity during the phase of maximum infrasound radiation. This indicates an efficient process of infrasound to seismic energy transition, that, in our case, increases ≈ 20 % the recorded seismic amplitude. Such an effect can be accounted for when avalanche magnitude is estimated from seismic amplitude. Presented results clearly indicate how the process of seismo-acoustic energy radiation by a powder avalanche is 20 very complex, and likely controlled by the powder cloud formation and dynamics, and is hence affected by the path geometry and snow characteristics.
The data recorded by the two arrays were synchronized by comparing the timing of local and regional earthquakes recorded by the infrasound as well as the seismic array. This guarantees a timing accuracy of < 2 seconds, which is sufficient for the seismo-acoustic comparison presented here.
The study site was also equipped with automatic cameras collecting images every ten minutes, used to visually monitor the activity on the slopes surrounding the arrays. The camera system was colocated with the central element of the infrasound 95 array.
3 The dry-snow avalanche of 5 February 2016
In the morning of 5 February 2016, at 05:18 UT, a medium sized dry-snow avalanche released from Chlein Sattelhorn ( Figure   2b ), at an elevation of ≈ 2600 m. The avalanche traveled a distance of 1200 meters and stopped at the bottom of the Dischma valley, at an elevation of ≈ 2030 m at a short distance (<100 m) from the infrasound array ( Figure 3 ). The event occurred 100 during a snow storm. Nevertheless, based on the images from the automatic cameras we confirmed that the avalanche released between 4 February 2016 at 17:40 UT and 6 February 2016 at 07:40 UT. The avalanche deposit was first clearly visible on the morning of Feb. 6 (08:30 UT), when the weather weather cleared (Figure 3 ). The flow characteristics and evolution (flow depth and velocity) were reconstructed using the RAMMS model ( Figure 4 ) (Christen et al., 2010) . We used RAMMS::Avalanche (version 1.7.20) for the simulations of Chlein Sattelhorn. The model 105 requires a detailed digital elevation model as well as an estimate of the initial release volume, i.e. an initial release area and a fracture depth. The inital digital elevation model (DEM) is the swissAlti3D DEM (2 m grid resolution). For the simulation, we did a bilinear interpolation to 5 m. The release volume (with release depth of 80 cm) was 9.525 m 3 . We used calibrated friction values for small avalanches, with a return period of 10 years. The modeled flow depth evolution (Marchetti et al., 2019) , predicts a total flow duration of ≈ 90 seconds, with ≈ 60 seconds required by the avalanche to initiate, accelerate, and 110 reach the valley bottom, followed by ≈ 30 seconds of snow deposition. Since the path geometry is characterized by a sharp terrain break at an elevation of approximately 2300 m (Figure 4c ), the modeled avalanche accelerated along the release area with slopes exceeding 35 degrees, rapidly decelerated and lost mass at the terrain break ( Figure 4d The event from 5 February 2016 was clearly recorded by the seismic and infrasound arrays (Figure 5a , b) (Marchetti et al., 2019) . Both signals consisted of two distinct phases, according with the flow evolution modeled by RAMMS ( Figure 4 ). These two phases appear to be controlled by the path geometry forcing the avalanche to slow down and loose mass at the terrain break 125 at an elevation of 2300 m.
The seismic signal has an emergent waveform and a duration of ≈ 60 s. It is characterized by two phases of similar amplitude (1.5 10 −6 m/s), peaking around 05:18:50 and 05:19:20 UT. The signal spectrum shows energy mostly confined between 3.5 and 12 Hz, with the peak frequency around 6 Hz. The frequency response of the geophones limits the spectral analysis to frequencies > 4.5 Hz (Figure 5c ), therefore we cannot exclude lower frequency components. The process of infrasound to seismic energy transition was described by Ichihara et al. (2012) . An infrasonic wave hitting the ground (p(t, x) ) produces a vertical ground velocity (w(t, x)) that is directly proportional to the amplitude of the incident wave (w(t, x) = Hp(t, x)). The conversion factor (H) is defined as: an infrasonic wave of 1 Pa will produce a detectable seismic signal in the ground. In the specific case of the 5 February avalanche ( Figure 5 ), the recorded pressure of 0.4 Pa, will produce a seismic signal with an amplitude of ≈ 3x10 −7 m/s, that corresponds to ≈ 20 % of the recorded seismic amplitude. This is in agreement with sound velocities recorded in the seismic data during the phase of maximum infrasound radiation ( Figure 6 ).
This study, combining for the first time seismic and infrasound array data, highlights the complexity of the seismic radiation 265 by snow avalanches and the contribution of the air-to-ground energy transmission. These have an influence on the recorded seismic signal and, if not accounted for, might limit the applicability of seismic signals for energy estimations. The absolute seismic amplitude, and corresponding energy, can change according to snow characteristics (dry/wet) (Vilajosana et al., 2007b) , and efficiency of air-to-ground energy transmission (Ichihara et al., 2012) . This approach is even more critical considering that seismic energy is radiated all along the avalanche path (Figure 8a ). Moreover, it requires a-priori characterization of the quality 270 factor of surface waves at the site (Vilajosana et al., 2007b) , thus preventing a general application of the proposed procedure at various sites.
Similarly, infrasound amplitude is expected to change dramatically as a function of avalanche type (dry/wet) and path geometry, and our results suggest that estimating avalanche size from infrasound signals could be difficult. Signal duration is, for example, reflecting only the part of the path where the avalanche is accelerated, or where the powder cloud develops 275 (Figure 8d ). Considering the radiation of sound by a moving body assumed to be a solid sphere, Naugolnykh and Bedard (1990) suggested that the frequency of recorded infrasound must scale inversely with the body size as follow:
where c is the velocity of sound in the atmosphere while D is the diameter of the sphere.
For the specific case of the avalanche recorded on 5 February 2016, eq 2 predicts a moving sphere-like body with diameter D of ≈ 30 m. This value is obtained by assuming a sound propagation velocity of 330 m/s and considering a peak frequency 280 of 3.3 Hz ( Figure 5) , and is of the same order as the width of the avalanche channel (<50 m). Nevertheless, a snow avalanche is far from being a rigid sphere moving in the atmosphere. Already Naugolnykh and Bedard (1990) , suggested that additional processes might contribute to the avalanche infrasound radiation, such as the turbulent pressure pulsation of the powder cloud and/or secondary source mechanisms. Therefore, while the approach proposed by Naugolnykh and Bedard (1990) seems possibly combining infrasound, seismic and high resolution video observation.
Conclusions
Results presented here, and obtained from seismic and infrasound array analysis, highlight two separate mechanisms of elastic energy radiation by a snow avalanche. The infrasound energy is radiated only when the powder part develops, and is not produced during the initiation or deposition phase. The duration of the infrasound signal is thus not representative of the entire 290 volume of snow that was transported by the avalanche. Because of the clear migration of infrasound detections in terms of backazimuth and apparent velocity, we suggest that the source mechanism can be interpreted as a moving point source. The clear wave parameters obtained from the array analysis, suggest that infrasound can be used as an efficient monitoring for avalanche detection purposes. Back-projection of the infrasound detections on the avalanche path, suggested that the infrasound energy is radiated only when the flow is confined within a narrow path. According to the analytical formulation of Carrol et al. (2013) , 295 such a condition enhances the formation of the powder front.
The seismic signal is, instead, produced during the entire avalanche evolution, including the initiation and deposition area.
Therefore, the signal duration is longer and more representative of the entire flow evolution and run-out distance. Unlike for infrasound, the seismic back-azimuth and apparent velocity values were more scattered, and this makes the detection and location of avalanche events less straightforward than with infrasound. Furthermore, the scattering of wave parameters suggests 300 multiple sources that act simultaneously along the path.
In agreement with Heck et al. (2017) , the combined seismic and infrasound array analysis, showed also that during the phase of maximum infrasound radiation, seismic energy is strongly affected by the infrasonic signal. This needs to be accounted for, when the seismic amplitude is used to estimate the avalanche energy. Similarly, the amplitude of recorded infrasound is controlled by the avalanche type (wet/dry) and the flow evolution (i.e. the formation of the powder cloud). Good results are 305 obtained, for the avalanche event investigated here, considering the frequency of the recorded infrasonic signal, and assuming the source as being produced by a moving sphere (Naugolnykh and Bedard, 1990) . For the specific case of the avalanche of 5 February 2016, the recorded peak infrasound frequency of 3.3 Hz is consistent with a sphere like body with a diameter of 30 m, in agreement with the the geometry and extension of the avalanche path.
Although many open questions remain concerning the mechanisms of infrasound and seismic energy radiation by snow 310 avalanches, the combined seismic and infrasound array analyses presented in this study helped in clarifying some key aspects of the recorded seismic and infrasound signals, like source origin, possible source mechanisms and mutual relation. Further studies will be required, however, to investigate in detail the source mechanisms of elastic anergy radiation, secondary source processes, like turbulence of the powder front, and possible use of the seismic and the infrasound signal to evaluate the magnitude of the event.
